and Au compounds (2 and 5) are more cytotoxic than cisplatin to these cell lines and to cisplatin-resistant Jurkat sh-Bak cell lines and their cell death mechanism is different from that of cisplatin. All the compounds show higher toxicity against leukemia cells when compared to normal human T-lymphocytes (PBMC). The interaction of the Pd and Pt compounds with calf thymus and plasmid (pBR322) DNA is different from that of cisplatin. All compounds bind to human serum albumin (HSA) faster than cisplatin (measured by fluorescence spectroscopy). Weak and stronger binding interactions were found for the Pd (3) and Pt (4) derivatives by isothermal titration calorimetry. Importantly, for the Pt (4) compounds the binding to HSA was reversed by addition of a chelating agent (citric acid) and by a decrease in pH.
Introduction
Cisplatin combination chemotherapy is the cornerstone of treatment for many cancers. Cisplatin and the follow-on drugs carboplatin and oxaliplatin are used to treat 40-80% of cancer patients [1] . The high effectiveness of cisplatin in the treatment of several types of tumors is severely hindered by some clinical problems such as normal tissue toxicity and the frequent occurrence of initial and acquired resistance to the drug [1] [2] [3] [4] [5] . A growing number of so-called cisplatin rule-breaker compounds have been reported [3] [4] [5] [6] along with some Pt(IV) prodrugs that can be photoactivated by visible light [7] [8] . These findings have paved the way for studying other metal-based chemotherapeutic compounds [3] including relevant examples of gold [9] , palladium [10] , titanium [11] , ruthenium [12] , osmium [13] and iron complexes [14] .
We and others have reported on the biological [15] [16] [17] [18] and catalytic [19] [20] [21] applications of iminophosphorane or iminophosphine derivatives of gold(III) (selected examples in Fig. 1 ) [15, 16] . The main advantage of iminophosphorane ligands is that they provide a C,N-or N,N-backbone that stabilizes the resulting square-planar d 8 transition metal complex.
An extra advantage is that the P atom in the PR 3 fragment can be used as a "spectroscopic marker" to study the in vitro stability (and oxidation state) by 31 P{ 1 H} NMR [16] . Gold(III) organometallic complexes (with a pincer C,N-iminophosphorane ligand) displayed a high cytotoxicity in vitro against human ovarian cancer and leukemia cell lines while being less toxic to normal T-lymphocytes by a mode of action different from that of cisplatin [15, 16] . The compounds did not interact with DNA [15] . ROS (reactive oxygen species) production at the mitochondrial level was a critical step in the cytotoxic effect of these compounds [15] . We wanted to increase the hydrophilicity of this type of IM (iminophosphorane) ligands and also to explore the biological activity of other d 8 metal (Pd(II) and Pt(II)) IM complexes. We envisioned an iminophosphorane N,N-chelating ligand as an ideal platform to confer stability to d 8 transition metal centers while simplifying the synthetic steps required to prepare organometallic compounds (avoiding transmetallation for metals not prone to easy C-H bond activation).
We had used such a strategy to prepare gold(III) coordination catalysts for C-C and C-heteroatom bond formation [20] . The challenge here was the incorporation of a water-soluble phosphine in the skeleton of the ligand since it is well known that IMs in contact with water or polar solvents break down to the corresponding amine and phosphine oxide [22] . By the use of a picolinamide and water-soluble TPA (1,3,5-triaza-7-phosphaadamantane) phosphine through the Pomerantz method [23] , we prepared a stabilized water-soluble N,N-chelating iminophosphorane ligand TPA_N-C(O)-2-NC 5 H 4 1 (Scheme 1). To the best of our knowledge, this is the first water-soluble iminophosphorane reported. We describe here the preparation (Scheme 1), characterization, stability in solution and study of the cytotoxic properties in vitro of its coordination complexes containing Au(III), Pd(II) and Pt(II) centers. The study of the interactions of these complexes with different biomolecules (DNA and human serum albumin HSA) is also reported and compared to that of cisplatin.
Experimental section

Materials and methods
All manipulations involving air-free syntheses were performed using standard Schlenk-line techniques under an argon atmosphere or in a glove-box MBraun MOD System. Solvents were purified by use of a PureSolv purification unit from Innovative Technology, Inc. The phosphine substrate TPA was purchased from Sigma-Aldrich, K ) were recorded on a Nicolet 6700 FT-IR spectrophotometer on KBr pellets. Elemental analyses were performed on a Perkin Elmer 2400 CHNS/O Analyzer, Series II. Mass spectra HR-ESI (high-resolution electrospray ionization) or MALDI (matrix-assisted laser desorption/ionization) were performed on an Agilent Analyzer or a Bruker Analyzer. Conductivity was measured in an OAKTON pH/conductivity meter in CH 3 CN solution (10 −3 M). Circular Dichroism spectra were recorded using a Chirascan CD Spectrometer equipped with a thermostated cuvette holder. Electrophoresis experiments were carried out in a Bio-Rad Mini sub-cell GT horizontal electrophoresis system connected to a Bio-Rad Power Pac 300 power supply. Photographs of the gels were taken with an Alpha Innotech FluorChem 8900 camera. Fluorescence intensity measurements were carried out on a PTI QM-4/206 SE Spectrofluorometer (PTI, Birmingham, NJ) with right angle detection of fluorescence using a 1 cm path length quartz cuvette. ITC measurements were carried out at 25.0 (±0.2)°C on a MicroCal VP-ITC calorimeter.
Synthesis
TPA_N-C(O)-2-NC 5 H 4 (N,N-IM) (1) TPA (0.157 g, 1.0 mmol) and picolinamide (0.122 g, 1.0 mmol) were placed in a Schlenk flask under nitrogen. Dry, degassed THF tetrahydrofuran (15 mL) was added and to this solution, tBuDAD N,N-bis(tert-butyl)1,4-diazabutadiene (0.230 g, 1.0 mmol) in dry and degassed THF (4 mL) was added dropwise at 0°C. The reaction was left stirring at RT for 15 h. After this period, the yellow reaction mixture was colourless with some white precipitate. The solvent was reduced in vacuo to a minimum (b2 mL) and Et 2 O (10 mL) was added, giving a white solid that was filtered and dried in vacuo. Yield: 0.254 g (93%). Anal. Calcd for C 12 [PtCl 2 (N,N-IM)] (4) PtCl 2 (0.080 g, 0.30 mmol) and 1 (0.083 g, 0.30 mmol) were refluxed for 2 days in a mixture of CH 2 Cl 2 (10 mL) and acetone (2 mL 
X-ray crystallography
Single crystals of 3 and 4 (see details below) were mounted on a glass fiber in a random orientation. Data collection was performed at room temperature on a Kappa CCD diffractometer using graphite monochromated Mo-Kα radiation (λ =0.71073 Å). Space group assignments were based on systematic absences, E statistics and successful refinement of the structures. The structures were solved by direct methods with the aid of successive difference Fourier maps and were refined using the SHELXTL 6.1 software package. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were assigned to ideal positions and refined using a riding model. Details of the crystallographic data are given in 
Computational methods
All calculations reported here were carried out using the Gaussian 09 program package [26] . All gas phase structures were optimized at the B3LYP/6-31G* level of density functional theory (DFT) in combination with relativistic effective-core potential cc-pVDZ-PP for heavy metals (platinum and gold) where appropriate. Aqueous solution structures are found with PCM (polarizable continuum model) full geometry optimization at the B3LYP/6-31G* level of DFT in combination with relativistic effective-core potential cc-pVTZ-PP for heavy metals (platinum and gold) where appropriate. Computed frequencies were positive, in all cases, indicating that the optimized structures represent the minima of ground-state potential-energy surfaces. In addition, a simple visual comparison of computed IR spectra with experimental spectra was performed to further validate reliability of computed structures.
Determination of compound cytotoxicity
The human T-cell leukemia Jurkat (clone E6.1) from the ATCC collection and the prostate carcinoma DU-145 were routinely cultured in RPMI 1640 medium supplemented with 5% FCS (fetal calf serum), L-glutamine and penicillin/streptomycin (hereafter, complete medium). Blood samples from healthy donors were obtained from the Banco de Sangre y Tejidos de Aragón. All subjects gave written informed consent and the Ethical Committee of Aragón approved the study. Normal T-lymphocytes (peripheral blood mononuclear cells: PBMC) were freshly isolated by Ficoll-Paque density centrifugation. After isolation, normal PBMC were kept in RPMI 1640 medium supplemented with 10% decomplemented FCS, L-glutamine and penicillin/streptomycin. Jurkat cells lacking Bak were generated using RNA interference techniques, as described previously [27] . For toxicity assays, Jurkat cells (5 × 10 5 cells/mL), DU145 cells (1 × 10 5 cells/ mL) or normal T-lymphocytes PBMC (3 × 10 6 cells/mL) were seeded in flat-bottom 96-well plates (100 μL/well) in complete medium. DU145 cells were allowed to attach prior to addition of cisplatin or tested compounds. Compounds were added at different concentrations in triplicate. Cells were incubated with cisplatin or compounds for 24 h and then cell proliferation was determined by a modification of the MTT-reduction method [28] . Total cell number and cell viability were determined by the Trypan-blue exclusion test. Apoptosis/ necrosis hallmarks were analyzed by simultaneously measuring the mitochondrial membrane potential, exposure of phosphatydilserine and 7-AAD uptake. In brief, 2.5×10 5 cells in 200 μL were incubated in ABB (140 mM NaCl, 2.5 mM CaCl 2 , 10 mM Hepes/NaOH, pH 7.4), with either 5 nM DiOC 6 (3) or 60 nM TMRE (both from Molecular Probes) at 37°C for 10 min. AnnexinV-PE or AnnexinV-FITC (Invitrogen) at a concentration of 0.5 μg/mL or 7-AAD (50 ng/μL) was added to samples and incubated at 37°C for an additional 15 min. In all cases, cells from each well were diluted to 1 mL with ABB to be counted by flow cytometry (FACScan, BD Bioscience, Spain).
Interaction of metal complexes with CT DNA by circular dichroism spectroscopy
Stock solutions (5 mM) of each complex were freshly prepared in DMSO-H 2 O (1:99) prior to use. Aliquots were added to a solution of CT (calf thymus) DNA (195 μM) also freshly prepared in buffer (5 mM Tris/HCl, 50 mM NaClO 4 , pH = 7.39) to achieve molar ratios of 0.1, 0.25, 0.5, 1.0 drug/DNA while keeping a total volume of 3 mL. The samples were incubated at 37°C for 20 h in the dark. All CD spectra of DNA and of the DNA-drug adducts were recorded at 25°C over a range 220-320 nm and finally corrected with a blank and noise reduction. Noise reduction was performed using the Savitzky-Golay smoothing filter incorporated in the Chirascan software. The spectra are given in molar ellipticity (millidegrees).
Interaction of metal complexes with plasmid (pBR322) DNA by electrophoresis (mobility shift assay)
10 μL aliquots of pBR322 plasmid DNA (20 μg/mL) in buffer (5 mM Tris/HCl, 50 mM NaClO 4 , pH = 7.39) were incubated with molar ratios between 0.25 and 4.0 of the compounds at 37°C for 20 h in the dark. Samples of free DNA and cisplatin-DNA adduct were prepared as controls. After the incubation period, 2 μL of loading dye were added to the samples and of these mixtures, 7 μL were finally loaded onto the 1% agarose gel. The samples were separated by electrophoresis for 1.5 h at 80 V in Tris-acetate/EDTA buffer (TAE). Afterwards, the gel was stained for 30 min with a solution of GelRed Nucleic Acid stain.
Interaction of metal complexes with HSA by fluorescence spectroscopy
The excitation wavelength was set to 295 nm, and the emission spectra were recorded at room temperature in the range of 300 to 450 nm. The fluorescence intensities of the metal compounds, the buffer and the DMSO are negligible under these conditions, and so is the effect of additions of pure DMSO on the fluorescence of HSA. An 8 mM solution of each compound in DMSO was prepared and ten aliquots of 2.5 μL were added successively to a solution of HSA (10 μM) in phosphate buffer (pH = 7.39), the fluorescence being Fig. 1 . Examples of selected iminophosphorane organogold(III) complexes with cytotoxic properties prepared by our group [13] . ROS production at the mitochondrial level was a critical step in the cytotoxic effect of these compounds [13a]. measured 240 s after each addition. The data were analyzed using the classical Stern-Volmer equation
Interaction of metal complexes 3 and 4 with HSA by isothermal titration calorimetry
The HSA and titrant solutions were prepared in phosphate buffer (pH = 7.39) and degassed prior to titration. In a standard experiment, the protein (5 μM) was titrated with the metal complex solution (1.5-3 mM) by a series of 34 successive injections of 7 μL each, with an interval of 240 s between injections. A background titration of titrant solution into buffer was subtracted from each experimental titration to account for heat of dilution. The data were analyzed with a two-site binding model using Origin 50 software supplied with the microcalorimeter. Equilibrium was reached after each addition of ligand to protein during the ITC titrations as evidenced by the return to baseline of the trace of microcalories heat released per unit time in the raw data collected for the binding experiments. Concentrations are not directly measured but calculated based upon the starting total protein concentration and the actual titration curve generated from the integrated heat released for each injection of ligand solution of known concentration into the known volume of protein solution in the ITC cell.
Reversibility of binding to HSA by circular dichroism
The interaction of complexes 3 and 4 with HSA was studied by CD spectroscopy in the visible region (300-550 nm) in phosphate buffer (pH = 7.39). 2 mL samples of 1.12 × 10 −4 M HSA were incubated at 37°C for 20 h with increasing amounts of compound 3-4 (1-7 eq); the interaction was monitored by the appearance of a band in the visible region at 360 nm for 3 and 395 nm for 4. All spectra were corrected by subtraction of a blank consisting of a solution of drug in buffer at the appropriate concentration for each sample. For binding reversibility studies, to a 2 mL sample of saturated HSA-3 or HSA-4 incubated previously for 20 h at 37°C, was added either 20 μL of concentrated HCl to reach pH 4.00 or the appropriate amount of a 60 mM solution of citric acid in the same buffer to reach a 1:3 complex:chelator ratio. The CD spectra were recorded in the visible region after 1 and 20 h.
Results and discussion
Synthesis, characterization and stability of the new compounds
The ligand 1 and metallic compounds (2-3) can be obtained in moderate to high yields following the procedure depicted in Scheme 1. All the new compounds (1-4) were fully characterized (see Experimental section) and are air-stable red (2), orange (3) and yellow (4) solids. The structure of cationic Au compound 2 was confirmed by IR (bands that can be assigned to anionic ClO 4 − ), conductivity measurements (1:1 electrolyte) and high resolution mass spectrometry. (1)). Compound 5 (containing deprotonated uninegative bidentate ligand picolinamide) had been previously reported as a cytotoxic agent against MOLT-4 (human leukemia) and C2C12 (mouse myoblast cancer) cell lines [25] . Neutral complexes 3 and 4 are soluble in DMSO in which they are stable for over 7 days and they are also stable in mixtures 50:50 DMSO:H 2 O for over 4 days. Table 1 and in Table S2 . The geometry about the Pd(II) and Pt(II) centers is pseudo-square planar with the N( [31] . We were unable to get crystals from the Au(III) compound 2 useful for a single crystal X-ray diffraction study but we got good estimates for its structural parameters from density functional calculations (see Table 1 and Table S2 ). The molecular structure of the cation in the Au(III) compound 2 is depicted in Fig. 3 . Like in the Pd(II) and Pt(II) complexes 3 and 4, the metal center is in a pseudo-square planar arrangement (N(2)-Au( Frequencies of selected normal vibrational modes were also determined by DFT methods (Table S2) for the optimized structures of compounds 2-4. The calculated and the experimental frequencies of M-Cl and P N and C O stretching modes are in reasonable agreement [32] .
Cytotoxicity studies
Cytotoxicity results for ligand 1 and the new metallic compounds (2-4) are collected in Table 2 . Values for the decomposition products of ligand 1 and compound 2 (the phosphine oxide TPA_O and gold compound 5, Eq. (1)) are also collected for comparison purposes. The cytotoxicity (by a modification of the MTT (3-(4,5-dimethulthiazol-2-yl)-2,5-diphenyltetrazolium bromide)-reduction method, see Experimental section) was evaluated against two selected cell lines: human Jurkat-T acute lymphoblastic leukemia cells and DU-145 human prostate cancer cells. Cells were incubated in the presence of the compounds for 24 h. The sensitivity of T-cell leukemia Jurkat cells to compounds cisplatin, 1-5, and TPA_O was compared to that of normal T-lymphocytes (PBMC). Table 1 . Compound 3 (Pd) was less cytotoxic than cisplatin for Jurkat cells but Pt (4) and Au compounds 2 and 5 were two (4), seven (5) or even eleven (2) times more cytotoxic than cisplatin ( Table 2 ). The IC 50 values displayed by the gold compounds are similar to that reported for an organogold(III) iminophosphorane complex described by us (b in Fig. 1 [16]) to Jurkat leukemia cells (0.2 μM) and CLL (B-cell chronic lymphocytic leukemia cells) derived from patients; 60 nM to 100 nM) [15] . Compound 5 was reported to have an IC 50 value of 3.1 μM for MOLT-4 human leukemia cell line [25] . All compounds were less toxic to PMBC than to T-Jurkat cell lines. The compounds were twelve (2), ten (3) or seven times (4, 5) less toxic to the normal lymphocytes than to the leukemia cell line. However we have found here that cisplatin is 70 times less toxic to PMBC than to Jurkat cell lines. The cytotoxicity to the DU-145 human prostate cancer cell line was evaluated and while Pd (3) was less cytotoxic than cisplatin for this cell line, the Pt (4) compound (65.3 μM) had an IC 50 value similar to that of cisplatin (79.2 μM). Au compounds 2 and 5 were more cytotoxic (17.4 μM (2) and 19.9 μM (5), 4.5 and 4 times more cytotoxic than cisplatin). The value obtained for compounds 2 and 5 is in line with values obtained with heterometallic Ti-Au 2 complexes recently described by our lab (14-27 μM) with a live imaging method after 24 h [33] .
In addition, the cytotoxicity of ligand 1 and its decomposition product phosphine oxide TPA_O is notably low in all cell lines studied having IC 50 values greater than 500 μM. This indicates that the cytotoxic effect is due to the metal complex and that the cytotoxicity on the cancer cell lines follows the order Au > Pt > Pd for the metal center. Compound 2 decomposes quickly in solution to compound 5 and therefore the IC 50 values obtained for both derivatives are very similar.
Preliminary results on the cell death pathway caused by complexes 2-5 showed an inhibition of cell growth in the period studied (24 h) in DU-145 human prostate cancer cells. The morphology of the cells is very similar to that of the controls (Fig. 4 , selected examples Au (5) and Pt (4) compounds), with neither signs of nuclear condensation nor chromatin fragmentation. Also, DU-145 showed not phosphatydilserine exposure or membrane permeabilization (Fig. 5) , confirming that compounds 4 and 5 do not induce cell death in DU-145 at 24 h. In contrast, analysis of nuclear morphology revealed that compounds 4 and 5 induced cell death in Jurkat cells. Both apoptotic, condensed and fragmented nuclei, and necrotic, swollen nuclei were observed (Fig. 4) . Flow cytometry after AnnexinV-APC/ 7-AAD staining (Fig. 5) [34] . It is estimated that about 1% of intracellular cisplatin binds to DNA primarily by forming intrastrand cross-links between adjacent purines [3, 35] and triggers the DNA-damage response that activates canonical apoptotic pathways [36] . We found that iminophosphorane gold(III) complexes a and b (Fig. 1) induced both necrosis and apoptosis and that the necrotic cell death induced by a and b was Bax/Bak-and caspase-independent [15] . We demonstrated that compounds a and b act mainly through ROS generation that leads to necrosis [15] . Similarly, compounds 4 and 5 seem to induce both necrotic and apoptotic cell death in Jurkat leukemia cells. Necrotic cell death that we observed in a fraction of cells could correspond to necroptosis, a "programmed" necrosis, since it has been demonstrated by others that ROS accumulation can be implicated in this type of cell death [37] .
The activity of compounds 3-5 and cisplatin against apoptosisresistant cells was also tested (Fig. S1 ). Multidomain proapoptotic proteins Bax and Bak are essential for the onset of mitochondrial permeabilization and apoptosis through the intrinsic pathway. Interestingly, we observed that compounds 4 and 5 exhibited some toxicity to Jurkat sh-Bak cells (Bax/Bak-deficient Jurkat cells) similar to previous results with iminophosphorane-organogold(III) complexes (compounds a and b in Fig. 1 ) [15] . This could be an advantage over cisplatin, whose activity is totally dependent on the presence of functional Bax and Bak.
Interaction with DNA
Since DNA replication is a key event for cell division, it is among critically important targets in cancer chemotherapy. Most cytotoxic platinum drugs form strong covalent bonds with the DNA bases [38, 39] . However, a variety of platinum compounds act as DNA intercalators upon coordination to the appropriate ancillary ligands [40] . There are also reports on palladium derivatives interacting with DNA in covalent [41, 42] and noncovalent ways [43] [44] [45] . While Table 2 IC 50 (μM) of cisplatin, ligand 1, phosphine oxide TPA_O and metal complexes 2-5 complexes in human cell lines. All compounds were dissolved in 1% of DMSO and diluted with water before addition to cell culture medium for a 24 h incubation period. Cisplatin was dissolved in water. most gold(III) and gold(I) compounds display reduced affinity for DNA [9, 15, 16] , gold(I)-phosphine derivatives with weakly bound ligands (such as halides) bind in a nondenaturing fashion to DNA [35, 46] . DNA conformational alterations can be detected by means of circular dichroism spectroscopy [37] . When Calf Thymus DNA is incubated with increasing amounts of Au derivative (5), a slight decrease (Fig. 6 ) of the intensities of the negative and especially the positive bands are observed, indicating a decrease in helicity (destabilizing effect) [47] . Those changes in the stacking and the helicity of CT DNA at low drug:nucleotide ratios (r=0.1/0.5) are probably related to electrostatic effects or to the ability of the compounds to intercalate DNA. Similar CD spectra were observed with other cationic square-planar gold ( Cl were proposed to interact by intercalation, although no CD spectra were provided [49] . In contrast, when CT DNA is incubated for 20 h with increasing amounts of Pd (3), and particularly Pt (4) there are not noticeable changes at low DNA-drug ratios (up to r = 0.5 or even 1 for 4) and only at ratios of 1 is there a small increase of the positive band indicating a small stabilizing effect most plausibly by electrostatic effects (Fig. S2) .
Jurkat
We also performed agarose gel electrophoresis studies on the effects of compounds 3-5 on plasmid (pBR322) DNA (Fig. 7) . This plasmid has two main forms: OC (open circular or relaxed form, Form II) and CCC (covalently closed or supercoiled form, Form I).
Changes in electrophoretic mobility of both forms are usually taken as evidence of metal-DNA binding. Generally, the larger the retardation of supercoiled DNA (CCC, Form I), the greater the DNA unwinding produced by the drug [50] . Binding of cisplatin to plasmid DNA, for instance results in a decrease in mobility of the CCC form and an increase in mobility of the OC form (see lanes a, b and c for cisplatin in Fig. 7 ) [51] . Treatment with increasing amounts of ligand 1 does not cause any shift for either form, consistent with no unwinding or other change in topology under the chosen conditions. Treatment with increasing amounts of compounds 3-5 retards the mobility of the faster-running supercoiled form (Form I) especially at high molar ratios. Similar patterns of mobility have been described for some Pt(IV) complexes in the presence of glutathione as reducing agent [51] . In these cases, although the resulting Pt(II) products bind to closed circular DNA, their effect in the mobility of Form I (or CCC) DNA is different from that produced by cisplatin [51] . These results are in agreement with the small stabilizing effects observed in the interaction of the Pd (3) and Pt (4) compounds with calf thymus DNA by CD spectroscopy. These effects are different from those observed in the CD spectra of cisplatin and other Pd and Pt derivatives which bind in covalent cis-bidentate fashion to DNA [33] .
In conclusion, the experiments probing DNA-drug interactions showed that new Pd (3) and Pt (4) IM complexes do not interact strongly with Calf Thymus DNA at physiological pH in vitro and that gold compound (5) interacts more strongly with DNA most likely by intercalation. All the complexes interact with plasmid (pBR322) DNA, most plausibly in a way different from that of cisplatin.
Interaction with HSA
Human serum albumin is the most abundant carrier protein in plasma and is able to bind a variety of substrates including metal cations, hormones and most therapeutic drugs. It has been demonstrated that the distribution, the free concentration and the metabolism of various drugs can be significantly altered as a result of their binding to the protein [52] . HSA possesses three fluorophores, these being tryptophan (Trp), tyrosine (Tyr) and phenylalanine (Phe) residues, with Trp214 being the major contributor to the intrinsic fluorescence of HSA. This Trp fluorescence is sensitive to the environment and binding of substrates or changes in conformation that can result in quenching. Quenching can occur by two different mechanisms, a dynamic mechanism caused by diffusional collisions between the protein and the quencher, and a static mechanism resulting from the formation of a non-fluorescent complex. The fluorescence spectra of HSA in the presence of increasing amounts of 3-5 and cisplatin were recorded in the range of 300-450 nm upon excitation of the tryptophan residue at 295 nm. The compounds caused a concentration dependent quenching of fluorescence without changing the emission maximum or shape of the peaks, as seen in Fig. 8 for compound 3. The fluorescence data were analyzed by the Stern-Volmer equation. While a linear Stern-Volmer plot is indicative of a single quenching mechanism, either dynamic or static, the positive deviation observed in the plots of F 0 /F versus [Q] of our compounds (Fig. 8) is indicative of the presence of different binding sites in the protein. These binding sites may have naturally different affinities for the quencher, or the effects may be due to changes in the conformation of the protein after initial interactions that expose new binding sites previously inaccessible to the quencher [53] . In this graph higher quenching by the iminophosphorane complexes and 5 was observed compared to that of cisplatin under the chosen conditions. This is probably an indication of the faster hydrolysis in aqueous solution of our compounds compared to that of cisplatin. The interaction of cisplatin and related compounds with HSA have been studied by a variety of analytical techniques [52] and despite varying the techniques and conditions (such as incubation time, initial concentration of protein, drug:protein ratio and the nature of incubation medium) there seems to be a common strong and irreversible binding of cisplatin to HSA most plausibly to methionine and histidine residues [54] .
In an attempt to gather more information about the nature of the interaction between the iminophosphorane complexes and HSA, isothermal titration calorimetry (ITC) experiments were carried out. This sensitive tool allows for a complete characterization of the thermodynamics of drug binding. ITC has been used for the study of the interaction of Ni 2+ [55] , Co 2+ [56] , Er 3+ [57] and Ru 2+ -chloroquine [58] compounds with HSA but to our knowledge, the binding of palladium or platinum compounds has not been assessed with this technique. The data obtained from the titrations (illustrated in 9 for complex 3) were best fitted to a model of two sequential binding sites with different affinities for the drug. A sequential binding model was required to fit the data based upon the very large errors in fits using a single site, and the excellent fit to data using 2 sites. The errors are obtained from the iterated fitting routines provided in the software for the ITC apparatus such that the quality of fits can be evaluated both visually and from parameters like errors in K D and n, and X-squared values (see Experimental section). The thermodynamic parameters for the interaction of compounds 3 and 4 with the protein are collected in Table 3 [58] ) binding to HSA are also in the mM to microM range. The ITC results may explain the lack of linearity observed in the fluorescence quenching studies, as the Stern-Volmer method assumes all binding sites to be equivalent. Unfortunately, ITC experiments with the gold(III) compound 5 could not be performed due to poor solubility at the required concentrations. Similarly, experiments with cisplatin did not yield useful data. The slow hydrolysis of the chloride ligands requires incubation of the drug with the protein for several hours or days [52] , which is incompatible with the ITC technique.
Attempts to correlate the Ka of a drug with the percentage plasma protein binding have been carried out [59, 60] . The first binding constant for the Pt compound (4) (1.43 ± 0.13) × 10 4 is correlated with a roughly 90% plasma protein binding which is considered the upper limit for effective chemotherapeutics (values higher than 90% are considered to be disadvantageous). More important however, is to asses if this binding can be reversed. If the interaction to HSA is too strong, the drug might not be able to reach the cellular target. Reversibility can be achieved by contact with a low pH environment, as in tumor tissues, or by chelators present in the cytosol that may displace the amino acids in typical HSA-metallodrug complexes. We studied the reversibility of the binding of HSA to compounds 3 and 4 by CD spectroscopy. The protein was first titrated with compounds 3 and 4, achieving saturation with 4 and 6 equivalents respectively as determined by the appearance and increase in intensity of a visible band at 360 nm for 3 (negative) and 395 nm for 4 (positive) in their CD spectra ( Fig. 10A and S3a). By using a metal ion chelator like citric acid, a decrease of the intensity of the visible bands was observed, especially in the case of platinum compound 4, with a 50% reduction after only 1 h of incubation with a 3-fold excess of the chelating agent (Fig. 10b) . The effect of citric acid on the HSA-3 adduct was less significant with only a 12% decrease after the same period of time (Fig. S3b) . Decreases of 25-30% in the same conditions were achieved with arene-Ru(II)-chloroquine antimalarial and antitumor agents whose binding to HSA was considered reversible [58] . In a different experiment with our new complexes, the pH of the buffered solutions was decreased from 7.40 to 4.00 by addition of HCl. An effect on the spectrum of the HSA-4 adduct was observed again, by the decrease of the visible band intensity of 52% after 1 h (Fig. 11c) , while the CD spectrum of the HSA-3 adduct showed large shifts and shape modifications of the visible band but no genuine indication of the Pd center being released from the protein (Fig. S3c) . A decrease of 18%-40% after 96 h incubation was achieved with the previously described arene-Ru(II)-chloroquine derivatives whose binding to HSA was reversed by a decrease of pH [58] . Thus, we propose that the reversibility of the binding 4 to HSA by chelators present in the cytosol and/or contact with a low pH environment is possible. However, for the Pd (3) complex, some permanent bands were seen after long incubation in the presence of citrate (Fig. S3b) or at low pH (Fig. S3c) that could reflect modification of HSA by this metal. Therefore, no evidence for release (reversibility) was seen using CD spectroscopy for the Pd (3) derivative.
Conclusion
We have prepared new hydrophilic iminophosphorane complexes of d 8 metals. While we did not get stable gold(III) complexes containing the water-soluble ligand reported here, Pd(II) and Pt(II) complexes were stable in the used conditions for biological experiments. The cytotoxicity, cell death pathway and reactions with DNA and HSA of the gold(III) compound were due to the generation of a cytotoxic decomposition product [AuCl 2 (HN-C(O)-2-NC 5 H 4 )] 5, previously reported. The Pd compound (3) was found to be less cytotoxic than cisplatin and to have a related mode of action. We found that the Pt(II)-iminophosphorane coordination derivative (4) was more cytotoxic than cisplatin to leukemia cell lines (both T-Jurkat and cisplatin-resistant Jurkat sh-Bak). 4 showed higher toxicity against leukemia cells when compared to normal human T-lymphocytes or PBMC and its cell death pathway seems to be different from that of cisplatin. Interestingly, this compound did not interact strongly with CT DNA. It was shown that its interaction with plasmid (pBR322) DNA (binding to CCC or Form I) is different from that of cisplatin. It was demonstrated that it interacted with HSA in a moderate and reversible way which may be an advantage to the antitumor activity of this complex in vivo. These and previous results obtained in our laboratories warrant further studies on iminophosphorane complexes of gold(III) and platinum(II) as anticancer agents.
